Research in contextEvidence before this studyGastric cancer (GC) is one of the most common cancers worldwide. Chemotherapy remains the primary treatment for GCs. However, the responses of the GC patients to chemotherapy were often unpredictable and the proportion of the patients with unfavorable prognoses remains high.Multiple drug resistance (MDR) is the autonomous adaptation of cancer cells to chemotherapy drugs. Previously, we found that a constitutive activation of STAT3 in human GC cells significantly facilitated cellular drug resistance through multiple processes, implicating itself as an important indicator of MDR. S1PR1 is suggested to form a positive regulatory interaction with STAT3 in tumorigenesis. However, this effect of S1PR1 was mainly obtained upon ectopic expressions in cancer cells. The clinical relevance of S1PR1 in tumorigeneses and prognosis was not established. Specifically, the role of S1PR1 in human solid cancers, such as GC, was not yet determined.Added value of this studyWe showed that an enhanced S1PR1 expression was highly related with a reduced overall survival time in gastric cancer patients. Moreover, the patients with a worse response to chemotherapy showed a higher S1PR1 levels and closer correlation to STAT3. And the expression of S1PR1 was correlated phosphorylated STAT3, its activated form, in higher graded GC tissues. The over expression S1PR1 was responsible for drug resistance in GC cells through a molecular pattern derived by a constitutive activation of STAT3. The disruption of S1PR1-STAT3 signaling significantly re-sensitized the drug resistant GC cells *in vitro* and *in vivo*.Implications of all the available evidenceThe present work indicates that S1PR1 pathway is correlated with a significant reduction of survival time and worse chemotherapy response in GC patients. And S1PR1 inhibitor FTY720 reversed GC cells chemotherapy resistance partly. Thus, S1PR1-STAT3 axis may be a promising molecular target for GC treatment.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Sphingosine-1-phosphate receptor (S1PR1), also known as endothelial differentiation gene 1 (EDG1), is a G-protein-coupled receptor mediating the bioactivity of signaling molecule sphingosine 1-phosphate (S1P) that promotes cell proliferation and survival \[[@bb0005],[@bb0010]\]. More recently, it is suggested that a positive regulatory interaction with signal transducer and activator of transcription 3 (STAT3) is involved in tumorigenesis \[[@bb0015], [@bb0020], [@bb0025], [@bb0030]\]. However, this effect of S1PR1 was mainly obtained upon ectopic expressions in cancer cells. The clinical relevance of S1PR1 in tumorigeneses and prognosis remains to be established. Specifically, the role of S1PR1 in human solid cancers, such as GC, was not yet determined.

Multiple drug resistance (MDR) is the autonomous adaptation of cancer cells to chemotherapy drugs over tumor growth and/or drug treatment in various cancers, including breast, ovarian, lung, and gastrointestinal tract cancers \[[@bb0035]\]. Numerous mechanisms, such as drug uptake/efflux, DNA repair and anti-apoptosis were involved in the adaptation \[[@bb0035], [@bb0040], [@bb0045]\]. The heterogeneity in genetics, signaling pathways and/or metabolic patterns in different tumor cells greatly influenced the sensitivity to chemotherapies \[[@bb0050],[@bb0055]\]. A stratification of the diseases upon their molecular/cellular characteristics, as well as tissue origins to guide the treatment is much desired.

Previously, we found that a constitutive activation of Signal transducer and activator of transcription 3 (STAT3) in human GC cells significantly facilitated cellular drug resistance through multiple processes, including enhancing the expressions of oncogenes and vacuolar ATPase pump, and downregulating apoptotic molecules, implicating itself as an important indicator of MDR \[[@bb0060]\]. STAT3 is a key transcription factor that mediates the expressions of a variety of genes in response to cell stimuli and plays a key role in cell survival \[[@bb0065], [@bb0070], [@bb0075]\]. It also initiates inflammation, programmed death-ligand 1 (PD-L1) upregulation and cell transformation in numerous malignant cells, and underlays bad prognosis of the diseases \[[@bb0080],[@bb0085]\].

Herein, we presented data to show that an increased expression of S1PR1 was highly related to drug resistance in GC cells and worse outcome in clinical GC patients. Moreover, enhanced S1PR1 expression was co-localized with persistent STAT3 phosphorylation in clinical GC samples, in particular, in high graded ones. The disruption of S1PR1 signaling by FTY720 (Fingolimod), a clinically approved S1PR1 antagonist, proved effective in suppressing STAT3 activation and re-sensitizing drug resistant tumor cells to chemo treatment *in vitro* and *in vivo*.

2. Materials and methods {#s0025}
========================

2.1. Reagents and antibodies {#s0030}
----------------------------

FTY720 was purchased from Cayman Chemical Company (Ann Arbor, MI, USA). Cisplatin (DDP) was purchased from Qilu Pharmo (Shandong, China). Rabbit anti STAT3 and phosphor-STAT3 (Tyr705, PY-STAT3) and mouse anti phosphor-STAT3 (Tyr705, PY-STAT3) antibodies were purchased from Cell Signaling Technology (Boston, MA, USA). Rabbit monoclonal antibodies against S1PR1, Mcl-1, Bcl-xl, Survivin and GAPDH were purchased from Abcam (Cambridge, MA, USA). Alexa Fluor 594 conjugated Donkey Anti-Mouse IgG (H + L) Antibodies, Alexa Fluor 488 conjugated Donkey Anti-Rabbit IgG (H + L) Antibodies, and Annexin V-FITC/PI double staining Apoptosis Detection Kit were purchased from Life technology (New York, NY, USA). BCA Protein Assay Kit was purchased from Pierce (Rockford, IL, USA).

2.2. Cell culture and cell transfection {#s0035}
---------------------------------------

The human gastric cell line BGC803, BGC823, MGC803, HGC27, MKN45, SGC7901 and the drug resistant cell line SGC7901/DDP were purchased from China Center for Type Culture Collection and distributed by Keygen biotech (Jiangsu, China). The cells were cultured in RPMI 1640 (Life technology, New York, NY, USA) supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA), 100 units/mL penicillin and 100 mg/mL streptomycin (Hyclone, Logan, UT, USA), in humidified 5% CO2 at 37 °C. Drug Resistant cancer cell line SGC7901/DDP was cultured in the same medium containing 2 μM of DDP. The SiRNA oligo for S1PR1, 5′-ACAAGCACUAUAUCCUCUU-3′, for STAT3, 5′-CCCGUCAACAAAUUAAGAA-3′,scrambled control 5′-UUCUCCGAACGUGUCACGUUU-3′, were synthesized by Life technology (New York, NY, USA). For RNA interference, 100 pmol for 6-well plate or 5 pmol for 96-well plate S1PR1 siRNA was transfected by lipofectamine RNAiMAX reagent (Life technology, New York, NY, USA), the transfection was performed following the manufacturer\'s instruction. 24 h after transfection, the cells were treated with indicated drug for 24 h before analysis. The ORF of S1PR1 was cloned to pCDNA3.1 plasmid and transfected to tumor cells by lipofectamin 3000 reagent (Life technology, New York, NY, USA), after transfection for 24 h, the cells were treated with DDP.

2.3. Cell viability and apoptosis assay {#s0040}
---------------------------------------

Cells were seeded at a density of 1 × 10^5^ cells/mL in 96 well plates with four replications, and starved for 24 h without serum before drug challenge. Cell viability assays were performed using the CellTiter 96 AQueous One Solution Cell Proliferation Assay kit (Promega, Madison, WI, USA) after treatment with 2 fold diluted DDP for 24 h. The absorbance at 490 nm was measured using a microplate reader (Bioteck, Winooski, VT, USA). For apoptosis assays, cells cultured in 6 well plate were harvested and stained with AnnexinV--FITC and propidium iodide and assessed for the percentage of double-negative population using a Calibur flow cytometer (BD, Franklin lake, NJ, USA), and Apoptosis data were analyzed using FlowJo Version 7.6.2 software (TreeStar, USA).

2.4. Immunoblotting and ELISA {#s0045}
-----------------------------

Cells and tissues were lysed by RIPA buffer on ice, and then the concentration of protein was detected by a BCA protein kit. 50 μg protein of each sample was resolved on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred to nitrocellulose membrane and detected by indicated antibodies.

2.5. Immunofluorescence {#s0050}
-----------------------

Immunostaining was performed as standard protocol. Briefly, the cells were fixed on glass slide in 10% neutral formalin solution in cold PBS. And the patients\' samples were rehydrated and retrieved by Tris-EDTA solution (pH 9.0). After blockage with 10 FBS, the slides were incubated with rabbit anti human S1PR1 antibodies and mouse anti human pY-STAT3 with the dilution of 1/100 at 4 °C overnight and washed thrice in PBS. Alexa Flour488 donkey anti rabbit secondary antibodies and Alexa Fluor594 donkey anti-mouse secondary antibody were added to detect the S1PR1 and pY-STAT3 expression. DAPI was added to reveal the nuclear of the cells. Immunofluorescence was visualized in FV10i Laser Scanning Confocal Microscope (Olympus, Center Valley, PA, USA). And the colocalization value was analyzed by Coloc 2 method with Fiji Software.

2.6. Mouse xenograft assays {#s0055}
---------------------------

6-week male Nude Balb/c mice were obtained from Model Animal Research Center of Nanjing University, cultured in a SPF condition. Mouse care and *in vivo* experimental procedures was approved by the Institutional Animal Care and Use Committee of the Nanjing University. A cell suspension of SGC7901/DDP cell (2 × 10^6^) in PBS was injected subcutaneously into nude mice\'s right flank region. About ten days after the injection, the tumor cells formed measurable tumor sphere. And then the mice were divided randomly into different groups (n = 10), receiving different treatment. Tumor-bearing mice were treated with the combination of FTY720 (5 mg/kg) and DDP (3 mg/kg), low DDP (3 mg/kg), High DDP (7.5 mg/kg) and FTY720 (5 mg/kg) by intraperitoneal injection every 2 days. PBS and DMSO were injected as control. The volumes of the tumor were measured before each treatment. 21 days after the first treatment, mice were sacrificed and the tumor spheres were removed by surgery and weighted to evaluate the inhibition of the drug.

2.7. TUNEL assay {#s0060}
----------------

TUNEL assay was performed by ApoBrdU DNA Fragmentation Assay Kit (Biovision, San Francisco, CA, USA) following manufacturer\'s instruction. Briefly, the tumor sphere was removed from implanted region and fix with 4% paraformaldehyde and embedded in paraffin. And then remove paraffin by immersing slides in fresh xylene twice. After rehydration, the slides were fixed with 4% paraformaldehyde and washed. Proteinase K was added to remove the remained protein on the slide, then the slides were washed and incubated with DNA labeling solution. FITC labeled anti Brdu antibody was added after washes twice and then incubated the slides RT for 30 min. Then the slides were washed and PI was adopted to reveal the nuclear of the cells. And the images were captured by FV10i Laser Scanning Confocal Microscope (Olympus, Center Valley, PA, USA).

2.8. Real-time PCR {#s0065}
------------------

mRNA was extracted from cultured cells and tumor sphere using RNeasy Micro Kit (Qiagen, Hilden, Germany), Total mRNA was reversed transcribed into cDNA with PrimeScript RT Master mix (TaKaRa, otsu, Japan). SYBR green quantitative real-time PCR was performed, using PCR Master Mix (Life technology, New York, NY, USA). The expression of target gene was determined relative to beta actin and relative expression was calculated by ∆∆Ct method.

2.9. Immunohistochemistry-paraffin {#s0070}
----------------------------------

Immunohistochemistry was performed by standard protocol. Briefly, the tumor sphere was removed from implanted region and fixed with 4% paraformaldehyde and embedded in paraffin. After hydrolysis and antigen retrieval, the slides of both tumor bearing mouse and human patients were blocked and washed with PBS. Immunostaining was carried out with rabbit monoclonal antibody to PY-STAT3, S1PR1, and Ki-67 at 4 °C overnight, respectively. And an UltraVision Quanto Detection System (Thermo, Waltham, MA, USA) was adopted to detect the expression level of indicated proteins. The Stages of gastric tumor cells were evaluated by pathologists. And the image was analyzed by Fiji Software \[[@bb0090]\]. Generally, the picture of each section was firstly color-separated by color deconvolution using the H-DAB method. The Optical density and the area of DAB staining of color-separated picture was calculated by adjusted threshold. The Immuno Score of each sample was calculated by this equation: IS = Log(O\*A), where IS means Immuno Score, O means the optical density and A means the total area of the DAB staining of each sample.

2.10. Clinical data preparation and analysis {#s0075}
--------------------------------------------

TCGA (The Cancer Genome Atlas) data including gene expression data (level 3, N = 439) and clinical information (N = 443) were downloaded from the Cancer Genome Atlas (TCGA-STAD) web server through GDC-client software. The information of interest was then extracted, combined and/or normalized. The correlation was calculated by Spearman\'s correlation test for the data that was not normally distributed. The treatment outcome was defined by TCGA follow-up data of the patients who received chemotherapy. Only patients with full information of both drug usage and response were selected and calculated. The information about tumor stages on the tissue chips was provided by either the supplier (Zhuoli Biotech, Shanghai) or our collaborators at Taizhou hospital affiliated to Wenzhou Medical University.

2.11. Statistical analysis {#s0080}
--------------------------

For animal experiments, ten mice were assigned a pretreatment group. The size and weight of mice and tumors were compared using Student\'s *t*-test (for comparisons of two groups) and analysis of variance (for multiple group comparisons). For cell based assays, 3 independent replications were tested and calculated. For values that were not normally distributed (as determined by the Kolmogrov--Smirnov test), the Mann--Whitney\'s rank sum test was used. A P-value \<0.05 was deemed statistically significant. All statistical tests were two-sided and were performed using Graphpad prism 6 (GraphPad Software, La Jolla, CA, USA).

3. Results {#s0085}
==========

3.1. S1PR1 expression predicted overall survival time in gastric cancer patients {#s0090}
--------------------------------------------------------------------------------

The transcript levels of S1PR1 and clinical outcome of gastric cancer patients was analyzed. As shown in [Fig. 1](#f0005){ref-type="fig"}A patients with gastric cancer who had a higher expression of S1PR1 in the tumor tissues exhibited a significantly shortened overall survival time comparing to that of low expression ones (median survival time 779 days in high *vs.* 1686 days in low). To explore this finding, we then validated the correlation of S1PR1 expression with survival time of different types of cancer patients available on <http://www.oncolnc.org/> \[[@bb0095]\]. Surprisingly, the result found in gastric cancer was not observed in either breast cancer, melanoma or lung cancer patients ([Supplementary Fig. S1](#f0030){ref-type="graphic"}A), contradicting with a cell line based observation \[[@bb0100]\]. In addition, the transcript level of S1PR1 was significantly increased with the stage development of the cancers ([Fig. 1](#f0005){ref-type="fig"}A), so was the protein level ([Fig. 1](#f0005){ref-type="fig"}B, C) determined by a commercially available GC tissue. The immuno-score (IS) of S1PR1, which indexes both the % of positive staining cells and the density of the staining (see Methods), was markedly increased along the stage development of the tumors ([Fig. 1](#f0005){ref-type="fig"}D). Thus, the expression of S1PR1 in GC tissues were related to tumor progression.

To assess whether the clinical potency of S1PR1 was through STAT3, the correlation between S1PR1 and STAT3 was analyzed. Indeed, the transcription of S1PR1 was significantly correlated with STAT3 and STAT3 downstream gene SOCS3 in GC samples ([Fig. 1](#f0005){ref-type="fig"}D and [Supplementary Fig. S1](#f0030){ref-type="graphic"}B). Similarly, the expression of S1PR1 proteins was also significantly correlating with the level of 705 Tyrosine phosphorylation of STAT3 (pY-STAT3), a direct measurement of STAT3 activation, in a paired gastric tissue chips ([Fig. 1](#f0005){ref-type="fig"}E, F; [Supplementary Fig. S1](#f0030){ref-type="graphic"}C). To detect the co-localization of S1PR1 and pY-STAT3 in the same cancer cells, an immunofluorescent double staining of S1PR1 and pY-STAT3 in a homemade human GC tissue chip that included 59 gastric tissues with 36 later stage cancer biopsies (stage III or above) and 23 non-tumor gastric tissues was performed. In this chip, 20 of 36 (55.6%) tumor samples showed co-localization of high levels of S1PR1 and pY-STAT3 in cancer cells (M1 \> 80%), with the S1PR1 staining at more peripheral of the cells surrounding a central pY-STAT3 staining ([Fig. 1](#f0005){ref-type="fig"}G). No pY-STAT3 positive cells were detected in para-cancerous (n = 6) and normal gastric tissues (n = 17). These results suggested that an enhanced S1PR1 along with a persistent activation of STAT3 was common in high graded gastric cancers.

3.2. Hyper-expression of S1PR1 promoted drug resistance in gastric cancer cells {#s0095}
-------------------------------------------------------------------------------

To determine the molecular function of high S1PR1 and persistent activation of STAT3 in gastric cancer, the levels of S1PR1 expression in a pair of related human GC cells, SGC7901 *vs.* SGC7901/DDP cells, with \>4-folds differences in IC~50~ value to DDP (14.08 ± 0.8766 μM *vs.* 3.149 ± 0.1837 μM, respectively, [Supplementary Fig. S2](#f0035){ref-type="graphic"}A) were compared. We previously found that a persistent STAT3 activation was drug resistance-causing with the activations of multiple mechanisms \[[@bb0060]\]. Notably, an elevated S1PR1 expression was detected in SGC7901/DDP cells, but not in its parental drug sensitive SGC7901 cells ([Fig. 2](#f0010){ref-type="fig"}A). In addition to an increase of STAT3 phosphorylation in the SGC7901/DDP cells, the levels of STAT3 downstream gene Mcl-1, Bcl-xl and Survivin that are known to promote tumor cells survival \[[@bb0105]\] were also upregulated at both transcript and protein levels ([Fig. 2](#f0010){ref-type="fig"}A,B). Immunofluorescent assay revealed the co-localization of S1PR1 and PY-STAT3 in SGC7901/DDP cells ([Fig. 2](#f0010){ref-type="fig"}C). Thus, the high S1PR1 in GC cells functioned as a facilitator of MDR is likely through STAT3 activation.

To determine whether the correlation between drug resistance and high expression of S1PR1 was common in GC cells, 5 more frequently used human GC cell lines were studied. 2 of 5 cell lines, HGC27 and MKN45, showed a drug resistance phenotype, as well as higher S1PR1 expression ([Fig. 2](#f0010){ref-type="fig"}D and [Supplementary Fig. S2](#f0035){ref-type="graphic"}B). In these cells, upregulation of STAT3 phosphorylation and expressions of STAT3 downstream gene Mcl-1, Bcl-xl and Survivin were also observed ([Fig. 2](#f0010){ref-type="fig"}E). Thus, drug resistant gastric cancer cells exhibited hyper-expressions of S1PR1 and increased STAT3-related cell survival signaling, which was consistent with the fact that progressive disease(PD) patients presented a higher S1PR1 level and closer correlation with STAT3 than complete remission/response (CR) patients who received chemotherapy ([Fig. 2](#f0010){ref-type="fig"}F and [Supplementary Fig. S2](#f0035){ref-type="graphic"}C, D).

3.3. Mutual regulations between S1PR1 and STAT3 underlay drug resistance in GC cells {#s0100}
------------------------------------------------------------------------------------

To relate S1PR1 expression and STAT3 activation in human GC cells, SGC7901/DDP cells were treated with S1P, its natural lipid ligand of S1PR1. A significant increase of STAT3 phosphorylation accompanied with an upregulation of STAT3 downstream survival genes and S1PR1 was detected ([Fig. 3](#f0015){ref-type="fig"}A). In addition, overexpression of S1PR1 gene in drug sensitive SGC7901 cells upregulated STAT3 phosphorylation and the expressions of its downstream genes ([Fig. 3](#f0015){ref-type="fig"}B), and induced drug resistance ([Fig. 3](#f0015){ref-type="fig"}C). In contrast, S1PR1 knocking down in SGC7901/DDP cells downregulated STAT3 phosphorylation and the expressions of its target genes ([Fig. 3](#f0015){ref-type="fig"}D), significantly sensitized otherwise drug resistant cells to DDP, resulting higher levels of apoptosis ([Fig. 3](#f0015){ref-type="fig"}E, F). On the other hand, STAT3 knocking down in SGC7901/DDP cells reduced the expression of S1PR1 ([Fig. 3](#f0015){ref-type="fig"}G) and abolished the pro-survival effect of S1P, suggesting S1PR1 related drug resistance depended on STAT3 activation ([Fig. 3](#f0015){ref-type="fig"}H).Fig. 1S1PR1 and pY-STAT3 were highly expressed in gastric cancer patients.(A) upper panel, Kaplan-Meier plots for overall survival of high and low transcript levels of S1PR1 in gastric cancer patients; lower panel transcript levels of S1PR1 in 4 stages of gastric cancer patients. (B) Immunohistochemistry staining of S1PR1 of gastric cancer patient tissues. Upper panel: a stage IIIb sample, lower panel: a stage IIa sample. Scale bar: 200 μM left panel, 100 μM right panel. (C) Immuno score levels of S1PR1 in different stage of gastric cancer patients were compared. (D) Correlation of S1PR1 and STAT3 transcript levels in gastric cancer patients. (E) Immunohistochemistry staining of pY-STAT3 of gastric cancer patient tissues. Upper panel stage IIIc, lower panel stage IIa Scale bar: 200 μM left panel, 100 μM right panel. (F) Correlation of S1PR1 and pY-STAT3 protein levels determined by IS in gastric cancer patients. (G) Left panel: Immunofluorescence double staining of S1PR1(green) and pY-STAT3(red) in gastric tumor, para-cancerous and normal samples, DAPI(blue) was adopted to reveal the nuclear of the cells. Scale bar: 20 μM. Right panel, quantification of patient tissue sections for percentages of overlapping red (pY-STAT3) and green (S1PR1) channels, shown as Manders colocalization coefficients M1 (p-STAT3 to S1PR1) and M2 (S1PR1 to p-STAT3), respectively.Fig. 1Fig. 2Hyper expression of S1PR1 in gastric cancer cells identified drug resistance.(A) Transcript levels determined by QPCR and (B) protein expression levels determined by Western blot of indicated genes of SGC7901 and SGC7901/DDP gastric cancer cell lines. Data were expressed as mean ± SD, n = 5. \*P \< 0.05 (Student\'s *t*-test). (C) Immunofluorescence double staining of S1PR1 (green) and pY-STAT3 (red) in SGC7901 and SGC7901/DDP cells. White arrow indicated the colocalization of each protein. DAPI(blue) was adopted to reveal the nuclear of the cells. Scale bar: 20 μM. (D) Transcript levels and (E) protein expression levels of indicated genes of different gastric tumor cell lines were detected by QPCR or Western blot, respectively. Data were expressed as mean ± SD, n = 5. (F) Transcript levels of S1PR1 in gastric cancer patients who were reported to receive chemotherapy drug in TCGA database. The patients were divided into two groups of PD (progressive disease) and CR (complete remission/response) according to the follow up report.Fig. 2Fig. 3S1PR1-STAT3 formed a positive regulatory loop in GC cells and contributed to drug resistance.(A) Expression of indicated genes of SGC7901/DDP cells after treated with different concentrations of S1P and DDP for 24 h was detected by Western blot. (B) Expression of indicated genes of SGC7901 cells transfected with S1PR1 over-expression and empty vectors for 48 h was detected by Western blot. (C) SGC7901 cells transfected with S1PR1 overexpression or empty vector cells were treated with fold diluted DDP for 24 h and the cell viability was detected by MTS method. Data were expressed as mean ± SD, n = 4. (D) Expression of indicated genes of SGC7901/DDP cells transfected with S1PR1 siRNA and mock siRNA for 48 h was determined by Western blot. (E) Cell viability of SGC7901/DDP cells, tested by MTS method. Cells were treated with fold diluted DDP for 24 h with or without S1PR1 knocking down. Data were expressed as mean ± SD, n = 4. (F) Cell apoptosis levels of SGC7091/DDP cells were determined by AnnexinV/PI double staining with FACS after indicated treatment for 24 h. The ratio of double negative population of the cells was presented with mean ± SD, n = 5. \*P \< 0.05 (Student\'s *t*-test). (G) Expression of indicated genes of SGC7901/DDP cells transfected with STAT3 siRNA and mock siRNA was detected by Western blot. (H) Cell viability of SGC7901/DDP cells treated with fold diluted DDP for 24 or 48 h after transfection of S1PR1 and mock siRNA was detected by MTS. Data were expressed as mean ± SD, n = 4. \*P \< 0.05, \#P \< 0.05 (Student\'s t-test)Fig. 3Fig. 4FTY720 restored drug sensitivity in human GC cells *in vitro.*(A) Expression of indicated genes of SGC7901/DDP cells treated with different concentration of FTY720 for 24 h was detected by Western blot. (B) Transcript levels of indicated genes of SGC7901/DDP cells after treatment of FTY720 for 24 h were determined by QPCR. Data were expressed as mean ± SD, n = 5. (C) Cell viability of SGC7901/DDP cells was detected by MTS. The cancer cells were treated with indicated combination of FTY720 and DDP for 24 h. Data were expressed as mean ± SD, n = 4. (D and E) Cell apoptosis levels of SGC7091/DDP cells with indicated treatment, wer determined by AnnexinV/PI double staining with FACS. The ratio of double negative population of the cells was presented with mean ± SD, n = 5. \*P \< 0.05 (Student\'s t-test).Fig. 4Fig. 5FTY720 and DDP have a strong synergetic effect in human GC cells *in vivo.*(A) Tumor volume of mice implanted with SGC7901/DDP receiving indicated treatment every other day, measured before drug injection. Data was presented with mean ± SD, n = 10. \*P \< 0.05 (Student\'s *t*-test) of FTY720 + DDP group comparing with control group. (B) The tumors removed from the mice were weighted at the end of the experiment. The tumor weight was presented with mean ± SD, n = 10. \*P \< 0.05 (Student\'s t-test). (C) Transcript levels and (D) expression levels of indicated genes in SGC7901/DDP tumor sphere were determined by QPCR or Western blot, data were expressed as mean ± SD, n = 10. \*P \< 0.05 (Student\'s *t*-test). (E) Cell apoptosis in tumor tissue of each group was determined by TUNEL staining. Scale bar: 20 μM.Fig. 5

3.4. S1PR1 was a sensitive target for restoring drug sensitivity in human GC cells {#s0105}
----------------------------------------------------------------------------------

To explore whether S1PR1 is a sensitive target for drug resistance in human GC cells. The S1PR1 antagonist FTY720 that was clinically approved for multiple sclerosis was tested. As shown in [Fig. 4](#f0020){ref-type="fig"}A, B, while FTY720 (10 μM) treatment exhibited largely reduced STAT3 phosphorylation and its downstream pro-survival genes at both protein and mRNA levels in SGC7901/DDP cells. However, it showed no detective effects on direct cell killing in both SGC7901 and SGC7901/DDP cells ([Supplementary Fig. S3](#f0040){ref-type="graphic"}A). However, the supplement of FTY720 for 12 h prior to DDP treatment shown a strong synergistic effect on SGC7901/DDP cell killing ([Fig. 4](#f0020){ref-type="fig"}C). It enhanced the killing power of DDP on SGC7901/DDP cells at a low DDP concentration (2.5 μM) that otherwise is well tolerated by these cells ([Fig. 4](#f0020){ref-type="fig"}D, E). In contrast, this synergistic effect between DDP and FTY720 was not observed in drug sensitive SGC7901 cells, presumably due to the lack of S1PR1-STAT3 pathway in these cells ([Supplementary Fig. S3](#f0040){ref-type="graphic"}B). Consistently, treatment of FTY720 in drug resistant HGC27 and MNK45 cells also downregulated the transcript and protein levels of STAT3 downstream genes and S1PR1 ([Supplementary Fig. S3](#f0040){ref-type="graphic"}C, D), and greatly enhanced the apoptosis, when supplemented before DDP challenge ([Supplementary Fig. S3](#f0040){ref-type="graphic"}F).

To determine whether this FTY720 effect on DDP resistant cells was significant *in vivo*, an engrafted tumor mouse model was established by implanted the SGC7901/DDP cells subcutaneously in nude mice. The mice (n = 10) that received a low dose DDP (3 mg/kg) showed no significant effect on reducing tumor size, as compared to that of controls (n = 10). However, the mice that received same amount of DDP in combined with FTY720 (5 mg/kg) resulted in a significant inhibition of tumor growth. And administration of FTY720 (5 mg/kg) alone partially blocked tumor growth in the testing animals ([Fig. 5](#f0025){ref-type="fig"}A, B). Furthermore, the combinatory treatment exhibited a comparable killing power at the high dose DDP (7.5 mg/kg), but avoided its severe toxic effect that was shown by a sharp body weight loss in testing animals ([Supplementary Fig. S4](#f0045){ref-type="graphic"}A, B) and 2 of total 10 high dose DDP treated mice died at day 14 and 18.

As expected, at molecular level, the expressions of STAT3 downstream genes were significantly lower in response to FTY720 treatment ([Fig. 5](#f0025){ref-type="fig"}C). Importantly, FTY720 significantly downregulated the expression of S1PR1, so did STAT3 phosphorylation in the engrafted tumor tissues ([Fig. 5](#f0025){ref-type="fig"}D). TUNEL assay revealed that the combination of FTY720 and DDP resulted a massive apoptosis in the tumor sections ([Fig. 5](#f0025){ref-type="fig"}E). Immunohistochemistry showed significantly reduced pY-STAT3 and S1PR1 staining in the deep regions of tumor tissues. The cell proliferation mark Ki67 that was highly expressed in the engrafted tumor cells was also significantly inhibited upon the combination of FTY720 treatment ([Supplementary Fig. S4](#f0045){ref-type="graphic"}C). Thus, blockage of S1PR1 signaling by FTY720 was effective in sensitizing drug resistant GC cells to DDP and enhanced drug-caused cell death with less toxicity in solid GC animal model.

4. Discussion {#s0110}
=============

Chemotherapy is still the first-line clinical choice for the treatment of various cancers. Precisely predicting high response and low toxic solutions are urgently needed. MDR, among numerous mechanisms that affect the outcomes of chemotherapy, is the major cell autonomous adaptations directly contributed to the insensitivity of tumor cells to chemotherapy drugs. However, the mechanism underlying MDR was not well defined and remained largely unclear. Previously, in human gastric cancer cells, we found that a constitutively activated STAT3 is essential in maintaining drug resistance in cells involving multiple cellular processes, and the disruption of STAT3 re-sensitized the cells to DDP, indicating that an ectopic activation of STAT3 may led to, at least in some scenarios, MDR \[[@bb0060]\]. However, how this ill-triggered and maintained STAT3 activation was achieved in these cells was not known, which limited one to develop methods for tumor cell specific STAT3 disruption, whereas directly targeting STAT3 has its disadvantages and lack of efficacy and specificity *in vivo* \[[@bb0110]\]. Moreover, from epidemiological point of view, whether STAT3-related MDR is clinically significant was not known.

In conclusion, we used clinical observations to argue the relevance of S1PR1-STAT3 in MDR in GCs. We showed that an increased expression of S1PR1 at transcript level in the tumor tissues predicted a significant reduction of survival time in gastric cancer patients. Tissue array studies uncovered that the high expression of S1PR1 proteins that co-localized with pY-STAT3 was common in higher graded GC tissues. Cell studies confirmed S1PR1-STAT3 positive feedback loop that conferred the drug resistance in human GC cells. Consistently, the patients with a worse response to chemotherapy drugs showed a higher S1PR1 expression and closer correlation to STAT3.

FTY720, a clinically approved first-line immunosuppressive drug, also known as fingolimod, is a S1PR1 antagonist initially synthesized to simplify the complex structure of myriocin (ISP-1), a fungal metabolite with immunosuppressive properties isolated from Isaria sinclairii \[[@bb0115]\]. Because of its structural analog with sphingosine, FTY720 is capable of inhibiting lymphocyte migration from lymphoid organs through S1PR1 binding \[[@bb0115],[@bb0120]\]. More recently, FTY720 was found to be effective in the treatment of a rodent B cell lymphoma model through its disruptive function on S1PR1-STAT3 feedback loop \[[@bb0020]\]. Moreover, FTY720 was suggested to influence neural cell migration and function through S1PR1 \[[@bb0125]\] and act as a HDAC inhibitor or PP2A activator. It has been reported to have a beneficial effect on cancer cell killing in a S1PR1 independent manner \[[@bb0130],[@bb0135]\]. These possible side effects of FTY720 indicated the need for careful measurement while exploring the clinical application of FTY720 in cancer drug resistance.

The FTY720 dose (5 mg/kg/every other day) adopted in our experiment was about 2.5 times higher when compared to that of clinical does, maximum 5 mg/person daily, after a cross-species adjustment \[[@bb0140]\]. However, we did not observe any obvious toxicities measured by body weight, food intake, general behavior and histopathological examinations of the livers, kidneys, spleens and lungs (data not shown), applied either FTY 720 alone or combined with DDP (2.5 mg/kg). Moreover, an immune-safety was also observed in a monkey study with an extreme high-dose (10 mg/kg/day) and a long-lasting treatment (52 days), suggesting a general safety of the drug \[[@bb0145]\].

Importantly, in this study, we showed a specific blockage of S1PR1-STAT3 signaling by FTY720 that re-sensitized drug resistance in human GC cells with a significant down-regulation of the expression of S1PR1 and STAT3 activation. FTY720 caused no direct induction of cell death in drug resistant cells, however, a synergy effect of FTY720 and DDP was strong both *in vitro* and *in vivo*. Thus, FTY720 may be a potent candidate for improving the efficiency of chemotherapy in drug resistant GCs.

The following are the supplementary data related to this article.Supplementary Fig. S1Correlation of S1PR1/STAT3 signaling pathway and clinical outcome.(A) A table of summary of S1PR1 and clinical outcome in different types of tumor patients. (B) Correlation of S1PR1 and SOCS3 transcriptional levels in gastric cancer patients. (C) Immuno score levels of pY-STAT3 in different stage of gastric cancer patients were compared.Supplementary Fig. S1Supplementary Fig. S2Gastric cancer cell lines have different sensitivity to DDP treatment.(A) Cell viability of SGC7901 and SGC7901/DDP cells, cells were treated with fold diluted DDP. Data were expressed as mean ± SD, n = 4. (B) Cell viability of indicated gastric tumor cells, cells were treated with fold diluted DDP after transfection of S1PR1 overexpression or empty vector. Data were expressed as mean ± SD, n = 4. (C) The correlation of S1PR1 and STAT3 transcriptional levels in patients with a progressive disease outcome. (D) The correlation of S1PR1 and STAT3 transcriptional levels in patients with a complete remission/response outcome.Supplementary Fig. S2Supplementary Fig. S3FTY720 enhanced gastric tumora cells drug sensitivity *in vitro*.(A) Cell viability of SGC7901 and SGC7901/DDP cells treated with fold diluted FTY720. Data were expressed as mean ± SD, n = 4. (B) Cell viability of SGC7901 cells, cells were treated indicated drugs. Data were expressed as mean ± SD, n = 4. (C, D) Transcription of indicated genes of HGC27 and MKN45 cells after treatment of FTY720. Data were expressed as mean ± SD, n = 5. \*P \< 0.05 (Students\' t-test). (E) Cell viability of HGC27 and MKN45 tumor after treated with indicated drugs. Data were expressed as mean ± SD, n = 4. (F) Cell apoptosis levels of HGC27 and MKN45 cells with indicated treatment, determined by AnnexinV/PI double staining with FACS. The ratio of double negative population of the cells was presented with mean ± SD, n = 5. \*P \< 0.05 (Students\' t-test).Supplementary Fig. S3Supplementary Fig. S4FTY720 enhanced gastric tumor cells drug sensitivity *in vivo*.(A) Images of tumor bearing mice of each treatment group at the end of the experiment. (B) Body weight of mice of tumor bearing mice of each treatment group. Data were expressed as mean ± SD, n = 10. (C) H&E staining and Immunohistochemistry staining of S1PR1, pY-STAT3 and Ki67 of gastric tumor tissue removed from mice. Scale bar: 10 μM.Supplementary Fig. S4
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